and apoptosis (Kroemer et al., 1995 ] c signals primarily emitted from the ER. The amplifying effect of mDPS/ Introduction mCICR on the [Ca 2ϩ ] c transients is a consequence of the "all-or-nothing" activation of the PTP by the raise During IP 3 -induced Ca 2ϩ mobilization from the endoplasin matrix pH (pH i ) consecutive to mitochondrial Ca 2ϩ mic reticulum (ER) (for review, see Berridge, 1993 ; Clapuptake. Our data thus identify mitochondria with excitham, 1995; Miyazaki, 1995; Thomas et al., 1996) , the able organelles contributing to intracellular CICR proneighboring mitochondria sequester some of the Ca 2ϩ cesses. released (Biden et al., 1984; Rizzuto et al., 1993; Loew et al., 1994; Hajnó czky et al., 1995; Hoek et al., 1995) . One consequence is the in situ stimulation of oxidative Results and Discussion metabolism (Duchen, 1992; Pralong et al., 1994; Hajnó czky et al., 1995) resulting from the activation of matrix Operation Mode of the PTP during mCICR As in the case of rat liver mitochondria (Ichas et al., Ca 2ϩ -sensitive dehydrogenases (Denton and McCormack, 1990 ). However, mitochondrial Ca 2ϩ uptake per 1994), mCICR takes place in stirred suspensions of mitochondria isolated from Ehrlich cells upon pulsed se also has an important extramitochondrial consequence: it modulates the amplitude and spatiotemporal Ca 2ϩ delivery ( Figure 1A ). mCICR takes the form of a Ca 2ϩ transient detectable in the extramitochondrial medium organization of the cytosolic Ca 2ϩ signals ([Ca 2ϩ ] c ) (Jouaville et al., 1995; Budd and Nicholls, 1996; Simpson and (Figure 1A) . The ion permeability that is transitorily established during mCICR is not Ca 2ϩ specific, since Russell, 1996) . To account for this observation, it has been proposed that mitochondrial Ca 2ϩ uptake may regconcomitant H ϩ and K ϩ fluxes are also observed. Owing to the transitory H ϩ influx, a mirror-image membrane ulate IP3 receptor (IP3R) activity by local Ca 2ϩ buffering (Jouaville et al., 1995; Simpson and Russell, 1996) . Howdepolarization occurs together with the Ca 2ϩ transient ( Figure 1A ; see also Figure 7B ), while at the same time ever, the operation of mitochondrial Ca 2ϩ releasesubsequent to mitochondrial Ca 2ϩ uptake-is also a K ϩ is released from the mitochondrial matrix ( Figure 1A ). The lack of selectivity of the ion conductance involved candidate for modulation of [Ca 2ϩ ]c transients (Altschuld et al., 1992; Friel and Tsien, 1994; Ichas et al., 1994;  in the release phase of the transient, together with its Ca 2ϩ -dependent triggering, indicates that PTP opening Babcock et al., 1997) . Strikingly, in isolated mitochondria Ca 2ϩ uptake can trigger Ca 2ϩ -release transients, i.e., is responsible for mCICR. Moreover, the mitochondrial repolarization, the reuptake of Ca 2ϩ , and the absence mitochondria are capable of CICR owing to the Ca 2ϩ -activated opening of the permeability transition pore of K ϩ reuptake that characterize the descending phase of the transient ( Figure 1A ) indicate that PTP opening (PTP) (Evtodienko et al., 1994; Ichas et al., 1994) . The PTP is a Ca 2ϩ -, voltage-, pH-, and redox-gated channel is transitory. The concomitant inhibitory effect of cyclosporin A (CsA) and ADP on all the component ion fluxes ( Figure 1A ) confirms the involvement of the PTP (for review, see Zoratti and Szabò , 1995;  for the mechanism of CsA inhibition, see Connern and Halestrap, 1996; Nicolli et al., 1996) . Operation of the PTP in its high conductance/persistent opening mode is known to induce mitochondrial swelling by allowing the influx of the external osmotic support (Massari, 1996 ; for review, see Zoratti and Szabò , 1995) . During mCICR, no swelling occurs; instead, we observe a mitochondrial contraction ( Figure 1A ). The contraction, which is due to the net solute loss associated with the release of K ϩ ( Figure  1A ), suggests that mitochondria do not become permeable to sucrose during mCICR and, thus, that the PTP is operating in a low conductance/transitory opening mode (Zoratti and Szabò , 1995) . We further investigated this point in Figure 1B , using the property of mitochondria to behave as osmometers (Tedeschi and Harris, 1955; Massari et al., 1972; Beavis et al., 1985) . We submitted mitochondria to fixed sucrose osmotic pulses before and at different stages of the mCICR spike and monitored the resulting mitochondrial volume changes. The rate of mitochondrial shrinkage, as well as the final mitochondrial volume reached after the sucrose additions, are independent of the mCICR stage at the time of the osmotic pulse ( Figure 1B) , showing that mitochondria never become sucrose permeable during mCICR. To confirm this result, we compared variations of the isotopic [H2O-inulin] and [H2O-sucrose] distribution volumes in mitochondrial suspensions (Igbavboa and Pfeiffer, 1991) (Nicholls and Å kerman, 1982; Gunter and Gunter, 1994;  reaction" recruitment. Thus, all the mitochondria undergo mDPS/ mCICR synchronously. Ca 2ϩ uptake Phases 1 and 3 are inhibited by Sparagna et al., 1995) , ⌬⌿ is reponsible for the second- uses all available routes through the mitochondrial Phase 1: repiratory chain maintains the proton gradient responsible membrane (Bernardi et al., 1984; for membrane polarization (⌬⌿). Ca 2ϩ enters mitochondria owing to 1988) ( Figure 1C ). We have tried to determine whether ⌬⌿ through the uniporter, while the respiratory chain electrically compensates the resulting influx of positive charges by extruding more protons. Phase 2: PTP opening provides an inward pathway for protons that shunts the activity of the respiratory chain and the respiratory chain restores the proton gradient and correspondcollapses ⌬⌿. (Caswell and Hutchinson, 1971; Caswell, 1972; Schuster and Olson, 1974; Luthra and Olson, 1976; Møller et al., 1986) corresponding to the main mitochondrial Ca 2ϩ pool subject to ⌬⌿-dependent electrophoresis (Luthra and Olson, 1976; Babcock et al., 1979; Kim et al., 1984; Møller et al., 1986) . Ca 2ϩ m revealed by CTC appears more suited to the study of the electrophoretic Ca 2ϩ gradient than the free-matrix Ca 2ϩ concentration, since the latter does not apparently reflect the amount of exchangeable mitochondrial Ca 2ϩ but rather the value of the steadystate transmembrane Ca 2ϩ fluxes (compare the results of Coll et al. [1982] , Kim et al. [1984] , and Wingrove et al. [1984] with those of Rizzuto et al. [1993] and Rustenbeck et al. [1993] ). Using this approach, we find that the Ca 2ϩ fluxes that characterize mCICR are a direct consequence of the transitory depolarization resulting from the H o ] driven by the depolarization spike (⌬⌿) caused by transitory PTP opening. The ion fluxes responsible for Ca 2ϩ release during mCICR are schematized (bottom) using the components described in Figure 1C .
Depolarization and Ca
2؉ Waves Generated FCCP challenge are schematized (bottom) using the components This means that in immobile mitochondrial populations, described in Figure 1C .
a locally triggered mDPS/mCICR should be able to propagate from one mitochondrion to another and thus be detected as traveling potential and Ca 2ϩ waves. We Ca 2ϩ uniport. The inhibiting effect of CsA ( Figure 3B ) finally demonstrates that the traveling wavefronts actuimmobilized mitochondria in a gel phase, performed a localized Ca 2ϩ stimulation, and imaged ⌬⌿ and [Ca 2ϩ ]o ally correspond to the propagation of mDPS/mCICR. Although the mitochondrial density is lower and the rate by confocal laser-scanning microscopy (CLSM). In these conditions, we observed coincident wavefronts of ⌬⌿ of Ca 2ϩ diffusion higher in the gel phase than in the cytosol (see Figure 3, and on mitochondrial Ca 2ϩ uptake, since they were abolsignals in space. This feature, which is probably also at the origin of the optical dissipative structures observed ished by loading the gel either with 100 M EGTA (n ϭ 3), or 0.5 M ruthenium red (RR) (n ϭ 3), which blocks the in oscillating mitochondrial preparations (Holmuhamedov, ]o wave (right panels) propagation by 10 nmol CsA added at t ϭ 0. The gel was stimulated locally (upper left corner) with 10 nmol Ca 2ϩ . Owing to the fact that CsA inhibition of the PTP is competitive with Ca 2ϩ (for review, see Zoratti and Szabò , 1995) , mDPS/mCICR is triggered at the level of the stimulation site, where [Ca 2ϩ ]o is high enough to compete efficiently with CsA. However, away from the stimulation site, the amount of Ca 2ϩ released by excited mitochondria is too small to mute CsA inhibition, and the autocatalytic propagation process stops. As a result, the waves initially generated remain stationary and abort. The mitochondrial density used in the gel is 2% (v/v), i.e., ‫01ف‬ϫ lower than in cells. Low mitochondrial density was used here to avoid rapid mitochondrial anoxia; however, the absence of complete mitochondrial repolarization and reuptake of Ca 2ϩ behind the wavefronts (A) indicate that the rate of oxygen diffusion through the thickness of the gel is probably still limiting in our conditions. ]c transients when they are triggered by challenging ⌬⌿ with FCCP (Friel and Tsien, 1994; Hajnó czky et al., cells with ionomycin ( Figure 4A ), which directly releases 1995; Herrington et al., 1996) , while the intracellular ATP Ca 2ϩ from the ER (Artalejo and García-Sancho, 1988 cells, as judged from the lack of effect of ryanodine (0.1 amplitude decrease ( Figure 4A ). On the basis of recent and 1 M, n ϭ 5) or cyclicADP-ribose (1 and 20 M, observations in neural cell types (Friel and Tsien, 1994;  n ϭ 5) on permeabilized cells. It thus appears that the Herrington et al., 1996) methodology. ⌬⌿ and Ca 2ϩ m fit these two criteria. Regarding ⌬⌿, the potential-sensitive probe tetramethylrhodaminemethylester (TMRM) undergoes fluoresfluorescence compared with the fluorescence collapse cence quenching upon its ⌬⌿-dependent mitochondrial observed upon the depolarization-induced discharge of accumulation ( Figure 5A ). This quenching also operates Ca 2ϩ m ( Figure 5D ). Using these probes, we followed the in situ and can thus be used to qualitatively detect ⌬⌿ time courses of [Ca 2ϩ ] c , ⌬⌿, and Ca 2ϩ m in living cells variations in cell suspensions ( Figure 5A ). Regarding challenged with ATP ( Figure 6B ) and compared them Ca 2ϩ m, CTC has the particularity of localizing selectively with the kinetics of the same parameters in mitochonto mitochondria in various living cells (DuBuy and Showdrial suspensions undergoing mDPS/mCICR ( Figure 6A ). acre, 1961; Babcock et al., 1979; Wise and Wolniak, Chronological analysis reveals a striking qualitative 1984; Ikeda and Takasaka, 1993) . With regards to the similarity in the dynamics of the above-mentioned pabinding mechnism of CTC (Caswell, 1972) , one can derameters, as well as a comparable sensitivity to CsA, duce from such targeted CTC accumulation that the in the two different experimental conditions (Figure 6 ). Figures 5B and 5C ). Second, we perHowever, the question of the mechanism by which formed a functional study using permeabilized cells premDPS/mCICR amplifies [Ca 2ϩ ]c transients remains unviously loaded with CTC and found that Ca 2ϩ mobilization from the ER induces negligible changes in CTC answered. In other words, why and how do mitochondria release more Ca 2ϩ than the amount taken up to trigger mDPS/mCICR? Figure 7 shows that mDPS/mCICR triggering on isolated mitochondria does not depend in fact on the absolute amount of Ca 2ϩ taken up by mitochondria but on the rate at which Ca 2ϩ is provided to the organelles. For the same amount of Ca 2ϩ delivered, mitochondria can behave either as Ca 2ϩ -storage organelles (slow delivery rate) (Figure 7A ), or undergo mDPS/mCICR (fast delivery rate) and release more Ca 2ϩ than the trigger Ca 2ϩ stimulus, i.e., mDPS/mCICR also mobilizes the Ca 2ϩ previously stored in mitochondria ( Figure 7B ). PTP activation is favored by Ca 2ϩ at the level of an intramitochondrial site (for review, see Zoratti and Szabò , 1995 , which is unable to activate directly the PTP at the level of this site (for review, see Zoratti and Szabò , 1995) , however, can trigger mDPS/mCICR . cates that, in situ, the mitochondrial maximal respiratory rate, i.e., the maximal proton extrusion rate, exceeds the operating Ca 2ϩ up-
In conclusion, our results demonstrate that mDPS/ take rate, thus allowing an instantaneous charge compensation. In redistribution of Ca 2ϩ , and matrix acidification; (v) matrix acidification closes the PTP; (vi) respiratory chain rebuilds the proton gradient, thus restoring ⌬⌿; and (vii) restored ⌬⌿ drives Ca 2ϩ reuptake. Moreover, since the triggering mechanism of mDPS/mCICR evidenced mDPS/mCICR relies on the transitory dissipation of the here, mitochondrial excitability is expected to operate mitochondrial proton gradient through the PTP, mDPS/ specifically at the level of mitochondria sensing particumCICR is also at the origin in vitro of simultaneous tranlarily high Ca 2ϩ concentrations, i.e., strategically located sitory declines in oxidative ATP production that result near the ER Ca 2ϩ release channels (Rizzuto et al., 1993 ; in the generation of inverted [ATP] spikes (L. S. J. et al., Simpson and Russel, 1996) , while more distant mitounpublished data). Thus, besides Ca 2ϩ fluxes per se, chondria might principally constitute passive targets of the concomitant ATP fluctuations promoted by mDPS/ cytosolic Ca 2ϩ signals involved in the adaptation of the mCICR might represent an aditional way by which mitoenergetic output to the cellular demand (Hajnó czky et chondrial excitability may significantly influence the operation of various cytosolic processes. With respect to al., 1995). Thus, future investigations will be needed to
Experimental Procedures

Isolation of Mitochondria
For isolation, ‫01ف‬ 10 Ehrlich cells (Dubyak, 1986) were washed and suspended (200 ml, 2ЊC) in 200 mM sucrose, 20 mM Tris (pH 7.5). The suspension was incubated with 100 M digitonin for 30 min at 2ЊC and potterized, and mitochodnria were isolated by standard differential centrifugation. The absence of functional microsomial contamination was confirmed by assaying the preparation for IP 3-and thapsigargin-releasable Ca 2ϩ pools (n ϭ 5).
mDPS/mCICR Monitoring in Mitochondrial Suspensions
For mDPS/mCICR multiparametric studies, mitochondria were suspended (2 mg ϫ ml
Ϫ1
) at 30ЊC in 50 mM sucrose, 10 mM succinate, 10 mM Tris (pH 7.5). Such hypoosmotic conditions facilitate the experimental observation of mDPS/mCICR in vitro owing to a sensitization of the PTP to Ca 2ϩ (Connern and Halestrap, 1996) . However, mDPS/mCICR can still be detected in mitochondrial suspensions when external osmolarity is raised up to 180 mOsM (n ϭ 5). Before recordings, mitochondria were loaded with 25 nmol Ca 2ϩ ϫ mg Ϫ1 . The simultaneous acquisition of the signals transducted by ionselective minielectrodes, fluorescent probes, and phototransistors, was performed essentially as previously described (Ichas et al., 1994; Evtodienko et al., 1996) . In brief, [Ca 2ϩ ]o was reported either by a Ca 2ϩ -selective electrode or the fluorescence of Calcium Green 5N (excitation-emission pair [x-m] ϭ 505-534 nm). ⌬⌿ was monitored quantitatively using a TPP ϩ -selective electrode in the presence of 1 M TPP ϩ or qualitatively using the quenching of the fluorescence of 100 nM TMRM (x-m ϭ 556-576 nm) ( Figure 5 ). Mitochondrial volume was monitored by light scattering at 550 nm, and the signals were calibrated by point determinations of the isotopic [H 2O-inulin] and [H2O-sucrose] distribution volumes (Igbavboa and Pfeiffer, 1991 1974; Luthra and Olson, 1976; Møller et al., 1986) , with excitation (A) Mitochondria were submitted to 3 pulses (arrows) of 10 nmol and emission wavelenghts that favor Ca 2ϩ over Mg 2ϩ sensing (x-m ϭ Ca 2ϩ ϫ mg Ϫ1 delivered at 30 s intervals, corresponding to a mean 405-530 nm) (Caswell, 1972; Fabiato and Fabiato, 1979) , after having Ca 2ϩ delivery rate of 30 nmol Ca 2ϩ ϫ mg Ϫ1 ϫ min Ϫ1 . During the checked that the pH i variations that take place during mCICR do stimulation, the successive mitochondrial Ca 2ϩ uptake phases innot affect CTC fluorescence (Caswell, 1972 ) (see the absence of duce transitory drops in ⌬⌿ that activate the respiratory chain that correlation between the pH i and Ca 2ϩ m recordings by comparing compensate the potential loss by extruding protons, resulting in Figures 7A and 7B) . A technical advantage of CTC is that the mechapHi increases. The latter, although much more persistent, are also nism of Ca 2ϩ m sensing by CTC (Caswell, 1972) makes this probe transitory due to the H ϩ exchange associated with the binding of unsensitive to the membrane permeability changes that could possiCa 2ϩ to the membrane (Puskin and Gunter, 1973; Luvisetto et al., bly affect the distribution of regular hydrophilic probes trapped in the 1991) and to the passive H ϩ membrane permeability (Schö nfeld et matrix. Our multiparametric measurements (e.g., Figure 2 ) identified al., 1992).
CTC with the best probe capable to reflect reliably the intramito-(B) The 3 pulses were now delivered at 10 s intervals, corresponding chondrial Ca 2ϩ pool filling and emptying to the extramitochondrial to a mean Ca 2ϩ delivery rate of 90 nmol Ca 2ϩ ϫ mg Ϫ1 ϫ min
. Here, medium during mDPS/mCICR. Indeed, alternative experiments usthe rate of Ca 2ϩ stimulation exceeds the rate of the passive proton ing mitochondria loaded with various hydrophilic probes (dihidroinflux, and pH i progressively increases up to a value that coincides Rhod-2AM, Fluo-3, and Calcium Green 5N) to detect Ca 2ϩ m showed with mDPS/mCICR triggering. Although increases in Ca 2ϩ m , memthat the intramitochondrial Ca 2ϩ pool sensed by the latter probes brane depolarization, and matrix alcalinization can all promote PTP does not directly reflect the value of the transmembrane electrophoopening (for review, see Zoratti and Szabò , 1995; Bernardi and Pe- retic Ca 2ϩ gradient (data not shown; see Rustenbeck et al., 1993 Rustenbeck et al., ), tronilli, 1996 . TMRM (100 nM) pare [A] and [B] ) clearly correlate with the Ca 2ϩ delivery-rate depenand Calcium Green 5N (1 M) were added, and samples of the dence of mDPS/mCICR triggering and thus indicate that pHi is the suspension were allowed to solidify at 20ЊC on coverslips as ‫001ف‬ major inducer responsible for PTP opening during mDPS/mCICR.
M-thick layers. Dual-channel imaging of TMRM and Calcium Green 5N fluorescence was performed using an argon-krypton confocal laser scanning microscope (Molecular Dynamics).
determine the precise nature of the topological con-
mDPS/mCICR Monitoring in Cell Suspensions
straints that allow mitochondria to contribute actively
For all probe loadings and measurements involving intact Ehrlich cells, the latter were suspended (10 7 cells ϫ ml
Ϫ1
) in 140 mM NaCl, 1
to the intracellular transduction of information. Crompton, M., and Costi, A. (1990) . A heart mitochondrial Ca 2ϩ
